Summary Both advanced glycation end products and vascular endothelial growth factor are believed to play a role in the pathogenesis of diabetic retinopathy. It is known that vascular endothelial growth factor causes retinal neovascularization and a breakdown of the blood-retinal barrier; how advanced glycation end products affect the retina, however, remains largely unclear. The substance N e -(carboxymethyl)lysine is a major immunologic epitope, i. e. a dominant advanced glycation end products antigen. We generated an anti-N e -(carboxymethyl)lysine antibody to investigate the relationship between the localization of advanced glycation end products and that of vascular endothelial growth factor in 27 human diabetic retinas by immunohistochemistry. Nine control retinas were also examined. In all 27 diabetic retinas, N e -(carboxymethyl)lysine was located in the thickened vascular wall. In 19 of the 27 retinas, strand-shaped N e -(carboxymethyl)lysine immunoreactivity was also observed around the vessels. In all 27 diabetic retinas, vascular endothelial growth factor revealed a distribution pattern similar to that of N e -(carboxymethyl)lysine. Vascular endothelial growth factor was also located in the vascular wall and in the perivascular area. Neither N e -(carboxymethyl)lysine nor vascular endothelial growth factor immunoreactivity was detected in the 9 control retinas. Vessels with positive immunoreactivity for N e -(carboxymethyl)lysine and/or vascular endothelial growth factor were counted. A general association was noted between accumulation of N e -(carboxymethyl)lysine and expression of vascular endothelial growth factor in the eyes with non-proliferative diabetic retinopathy (p < 0.01) and proliferative diabetic retinopathy (p < 0.05). [Diabetologia (1997) by ischaemia [8] [9] [10] [11] [12] . Ocular neovascularization is almost always associated with the occurrence of capillary non-perfusion.
An increase in the amount of advanced glycation end products (AGE) is seen in the blood of patients with diabetes mellitus [13, 14] . This increase is believed to play a causal role in diabetic neuropathy [15] , nephropathy [13, 16] and retinopathy [17] [18] [19] . The term AGE is now applied to a broad range of advanced products of the Maillard reaction including N e -(carboxymethyl)lysine (CML) protein [20] , N e -(carboxymethyl)hydroxylysine [21] , pyrraline [13] , pentosidine [22] and crosslines [23] . Among these, CML has been identified as a major immunologic epitope, i. e. a dominant AGE antigen in tissue proteins [24, 25] .
Glucose reacts non-enzymatically with proteins to form Schiff base and Amadori products, which are early stage products. Although macular oedema is discrete and not manifested at all times, the incidence of macular oedema was associated with higher levels of glycated haemoglobin (Hb) [3] , which is one of the early stage products. Further incubation of early stage products leads to the formation of AGE [26] . AGE increases VEGF expression in cultured retinal cells [27] ; however the relationship between AGE and VEGF in vivo has not been elucidated. To investigate the relation between accumulation of AGE and expression of VEGF in diabetic retinas, we performed an immunohistochemical study for CML and VEGF in human diabetic retinas.
Materials and methods
Preparation of CML-proteins and hippuryl-CML. CML-BSA (bovine serum albumin) was prepared as described previously [25] . Briefly, 175 mg BSA was incubated at 37°C for 24 h with 0.15 mol/l glyoxylic acid and 0.45 mol/l NaCNBH 3 in 1 ml of 0.2 mol/l sodium phosphate buffer (pH 7.8), followed by dialysis against phosphate buffered saline (PBS). Other CML-proteins were also prepared from human serum albumin (HSA), ribonuclease (RNase) and Hb. In the same manner, hippuryl-CML was prepared as described previously [24] . Briefly, 40 mg/ml hippuryllysine was incubated with 0.13 mol/l glyoxylic acid in the presence of 0.65 mol/l NaCNBH 3 in 0.5 ml of 0.1 mol/l sodium carbonate buffer (pH 10).
Preparation of anti-CML antibody. All experiments conformed to the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Ophthalmic and Vision Research and were also reviewed and accepted by the ethics committee on animal experiments, Faculty of Medicine, Kyushu University. To raise the polyclonal anti-CML antibody, 1.0 mg of CML-BSA in 50 % Freund's complete adjuvant was injected intradermally into a rabbit at 20 skin sites, followed by five booster injections with the same amount of CML-BSA in 50 % Freund's incomplete adjuvant. The serum was taken 10 days after the final immunization for further affinity purification. Formyl-cellulofine gels were coupled to BSA or CML-BSA as described previously [26] . The anti-CML-BSA antiserum (10 ml) was passed over a column (2.0 × 12 cm) of formyl-cellulofine-BSA gel. The non-adsorbed fraction was then passed over a column (1.2 × 9.0 cm) of formyl-cellulofine-CML-BSA. The fraction adsorbed to CML-BSA was eluted with 0.1 mol/l citric acid buffer (pH 3.0). Pooled antibody fraction was neutralized, concentrated, and dialysed against PBS. The resultant affinity purified polyclonal anti-CML antibody was used for the experiments.
Enzyme-linked immunosorbent assay. Competitive enzymelinked immunosorbent assay (ELISA) was performed at room temperature. Each well of a 96-well microtitre plate was coated with 0.1 ml of 1.0 m g/ml of CML-BSA in 50 mmol/l sodium carbonate buffer (pH 9.6) and incubated for 60 min. This was followed by triplicate washing with PBS containing 0.1 % Tween 20 (buffer A); each well was then blocked with 0.5 % gelatin and incubated for 60 min. After washing three times with buffer A, 50 m l of test samples and 50 m l of anti-CML antibody (5 m g/ml) were added to each well and incubated for 60 min. After three washes with buffer A, horseradish peroxidase-conjugated anti-rabbit IgG was added to each well, and visualized with 1,2-phenylenediamine dihydrochloride. Absorbance at 492 nm was then determined.
Diabetic and control retinas. Twenty seven retinas from subjects with diabetic retinopathy were used. Twenty retinas were from subjects with NPDR (non-insulin-dependent diabetes mellitus (NIDDM); 11 male, 9 female, age range 57-81 years, duration of diabetes range 9-19 years) and seven (NIDDM; 3 male, 4 female, age range 64-78 years, duration of diabetes range 11-18 years) from subjects with PDR. Of these, four retinas with PDR were surgically obtained and were fixed immediately after enucleation with 4 % paraformaldehyde. The others, obtained from autopsy cases were fixed with 10 % formaldehyde. Nine eyes obtained from autopsy cases (5 male, 4 female, age range 55-83) without diabetes or any known ocular disease were used as controls.
Antibodies used. To locate CML, 3 m g/ml of anti-CML antibody described above was used. To locate VEGF, polyclonal rabbits anti-VEGF IgG against N-terminal amino acid residues 1-21 of human VEGF (Santa Cruz Biotechnology Inc., Santa Cruz, Calif., USA), 1 m g/ml, was used. To identify the types of CML or VEGF positive cells, we performed immunohistochemistry for glial fibrillary acidic protein (GFAP), which is a marker for glial cells, and for a smooth muscle actin, which is a marker for smooth muscle cells and pericytes in the serial sections. For this purpose, anti-GFAP IgG (Dakopatts, Glostrup, Denmark) and anti smooth muscle actin IgG (Sigma, St. Louis, Mo., USA) were used. Immunohistochemistry was performed with each antibody using the avidin-biotin complex method [28] .
Controls. The immunohistochemical specificity of this antibody was confirmed by three types of negative controls: (a) substituting rabbit non-immune IgG for the primary antibody; (b) omitting the primary antibody in the staining protocol; and (c) using anti-CML antibody (3 m g/ml) in the presence of an excess of CML-BSA (100 m g/ml).
Investigation of the relationship between expression of CML and VEGF.
In each pair of two serial sections immunohistochemically stained for CML and VEGF, two corresponding posterior and two corresponding peripheral areas of the retinas were videotaped at high power fields ( × 100). The vessels which could be identified in both sections were counted. Subsequently, to investigate the relation between expression of CML and VEGF, the vessels with the following characteristics were counted: 1) vessels with both CML and VEGF immunoreactivity; 2) vessels with CML immunoreactivity but not VEGF immunoreactivity; 3) vessels with VEGF immunoreactivity but not CML immunoreactivity; 4) vessels with neither CML immunoreactivity nor VEGF immunoreactivity.
Statistical analysis. The number of vessels of each group was compared and the effect of CML on VEGF expression was statistically analysed using the Cochran-Mantel-Haenszel test.
Results
Immunological reactivity of anti-CML antibody. To confirm the specificity of anti-CML antibody used in this experiment, we examined the immunological reaction of anti-CML antibody with CML-proteins by competitive ELISA. As shown in Figure 1 , anti-CML antibody significantly reacted with CML-BSA, CML-HSA, CML-RNase and CML-Hb, whereas the unmodified proteins were not recognized by the antibody. Furthermore, hippuryl-CML, a carboxymethylated low-molecular-weight compound, was effectively recognized by anti-CML antibody. It is evident, therefore, that anti-CML antibody specifically reacts with the CML moiety.
Immunohistochemistry for CML, VEGF and cell markers. In all 27 diabetic retinas examined, CML was located in the thickened vascular wall of the large vessels in the nerve fiber layer (Fig. 2A) . In 19 of 27, strand shaped CML immunoreactivity was also observed around the vessels (Fig. 2B) . VEGF showed a similar pattern of distribution to that of CML (Fig. 2C) . Although smooth muscle cells are major constituents of vascular walls, positive immunoreactivity for smooth muscle actin was attenuated and the stained portion was thinner than that of CML (Fig. 2D) .
Controls. None of the negative controls including anti-CML antibody (3 m g/ml) adsorbed with an excess of CML-BSA (100 m g/ml) showed a positive reaction (Fig. 2E) . In control non-diabetic retinas, neither VEGF nor CML immunoreactivity was observed.
Relationship between expression of CML and VEGF.
A total of 274 vessels could be observed in both sections in all 108 pairs of serial sections. Of these, 63 (NPDR 39, PDR 24) vessels showed both CML and VEGF immunoreactivity; 18 (NPDR 14, PDR 4) vessels showed CML immunoreactivity but no VEGF immunoreactivity; 7 (NPDR 2, PDR 5) vessels showed VEGF immunoreactivity but no CML immunoreactivity; and 186 (NPDR 135, PDR 51) vessels showed neither VEGF immunoreactivity nor CML immunoreactivity. Statistical analysis using the Cochran-Mantel-Haenszel test showed a general association between accumulation of CML and expression of VEGF in both non-proliferative (p < 0.01) and proliferative specimens (p < 0.05). VEGF expression was enhanced in the eyes with PDR (p < 0.05), while there was no significant difference in AGE accumulation between the eyes with NPDR and PDR.
Discussion
VEGF is one of the major growth factors that has an adverse effect on ocular neovascular diseases such as diabetic retinopathy. To find a new modality of therapy, the effect of VEGF inhibitors on retinal neovascularization has been investigated [29-31]. Investigation of the factors that promote VEGF expression is also important because their inhibitors are potential drugs for treatment of diabetic retinopathy. Ischaemia [8] [9] [10] [11] [12] [27] have been reported to have a promoting effect on VEGF expression. To investigate the relationship between the expression of AGE and VEGF in human diabetic retinas, we performed an immunohistochemical study using 27 human diabetic retinas.
Both CML and VEGF immunoreactivities were distributed in the diabetic retinas and both were accentuated around the blood vessels. We recently reported that Mü ller cells are one site of VEGF location in rat diabetic retinas. GFAP, which is expressed by astrocytes and Mü ller cells in the diabetic retina, and VEGF showed a similar distribution pattern in rat diabetic retinas [5] . In the 27 human diabetic retinas examined in the present study, GFAP showed a pattern of distribution similar to that of CML and VEGF (data not shown). Since AGE formation has been reported with glial proteins [35], we concluded that Mü ller cells were one site of CML location in diabetic retinas.
Another site of CML location in the diabetic retina was the vascular wall. In some vessels, CML immunoreactivity was observed in the entire thickness of the vascular wall, while immunoreactivity for a smooth muscle actin, a marker for smooth muscle cells, was attenuated. Smooth muscle cells are a main constituent of the vascular wall; however, they are damaged and replaced by collagen bundles in the large vessels of retinas with advanced diabetic changes [36] . These findings indicate that CML was located in the extracellular matrix, e. g. collagen rather than in the cytoplasm of cellular components of the vascular walls. -(carboxymethyl)lysine (CML) that is a dominant advanced glycation end product (AGE) antigen in tissue proteins. In all 27 diabetic retinas examined, CML was located in the thickened vascular wall in the nerve fiber layer, × 200. B) Immunohistochemistry for CML. In 19 of 27 retinas examined, strand-shaped CML was also located in the retina, mainly around the vessels in diabetic retinas (arrow), × 100. C) Immunohistochemistry for VEGF in a serial section of the retina shown in Figure 2B . VEGF is also located around the vessels in diabetic retinas × 100. D) Immunohistochemistry for a smooth muscle actin. Attenuated positive immunoreactivity (arrow) is much thinner than that of CML, × 100. E) An immunohistochemical negative control using anti-CML antibody (3 m g/ml) adsorbed with an excess of CML-BSA (100 m g/ml). No immunoreactivity is observed, × 100 AGE accumulation is believed to play a causative role in diabetic complications [13, 16] including retinopathy [17] [18] [19] 37] . We previously reported that VEGF expressed in diabetic retinas induces retinal oedema [5] . In human diabetic retinas, the present study demonstrated a co-localization of AGE and VEGF. There was a significant association between AGE accumulation and VEGF expression in the eyes with NPDR (p < 0.01) and PDR (p < 0.05). Together with the following evidence, these results suggest that AGE could be involved in VEGF-induced diabetic retinal oedema: 1) AGE is known to enhance VEGF expression in cultured retinal cells [ [2] reported that intravitreous injections of VEGF could produce retinal vessel occlusions and other diabetic retinal changes such as haemorrhage, microaneurysm, and intraretinal neovascularization in primate eyes.
These data suggest that AGE accumulation in the diabetic retina could initiate a positive feedback loop for increasing VEGF levels, leading to a further development of diabetic retinopathy. This mechanism could explain why VEGF expression was enhanced in the eyes with PDR, while there was no significant difference in AGE accumulation between the eyes with NPDR and PDR in the present study.
The available data described above suggest that AGE can promote the progression of diabetic retinopathy. An upregulation of VEGF expression in the retinal tissue by AGE accumulation is one possible mechanism for this effect. 
